Objective: We investigated the expression of protein tyrosine phosphatase-interacting protein 51 (PTPIP51) and its interaction with protein tyrosine phosphatase 1B (PTP1B) and 14-3-3b in mice exhibiting insulin resistance and obesity. Design: A total of 20 mice were included in the study. Eight control animals were fed a normal standard diet, six animals were fed a high-fat diet and six animals were submitted to a treadmill training parallel to the feeding of a high-fat diet. After 10 weeks, a glucose tolerance test was performed and abdominal adipose tissue samples of the animals were collected. Results: PTPIP51 protein was identified in the adipocytes of all samples. PTPIP51 interacted with PTP1B and with 14-3-3b protein. Compared with untrained mice fed a standard diet, the interaction of PTPIP51 with PTP1B was reduced in high-fat dietfed animals. The highest interaction of PTPIP51 with 14-3-3b was seen in trained animals on high-fat diet, whereas untrained animals on high-fat diet displayed lowest values. Conclusion: PTPIP51 is expressed in adipose tissue of humans, rats and mice. Obesity with enhanced insulin resistance resulted in a reduction of PTPIP51 levels in adipocytes and influenced the interactions with PTP1B and 14-3-3b. The interaction of PTPIP51 with PTP1B suggests a regulatory function of PTPIP51 in insulin receptor signal transduction. The interaction of PTPIP51 with 14-3-3b, especially in trained individuals, hints to an involvement of PTPIP51 in the downstream regulation of insulin action.
Introduction
Adipose tissue is multifunctional. Its main function is its ability to store energy in the form of fatty acids.
The storage of fat is tightly regulated by different signaling pathways. Two of the most important signal transduction ways are the insulin and the protein kinase A (PKA) signaling pathways, which oppose each other's function. Insulin inhibits lipolysis, whereas PKA activates it. 1 The role of protein tyrosine phosphatases (PTPs) has been described as crucial in insulin signal transduction. PTPs gain importance in insulin-resistant states, as they act as regulators of insulin receptor (IR) signaling. [2] [3] [4] In particular, protein tyrosine phosphatase 1B (PTP1B) was found to dephosphorylate the IR and the IR substrate-1. 5, 6 It has a major role in insulin resistance and obesity in which its expression is upregulated. 7, 8 Mice lacking a functional PTP1B
gene are resistant to weight gain on a high-fat diet, and show increased insulin sensitivity in liver and skeletal muscle. PTP1B-null mice do not exhibit increased insulin sensitivity in adipose tissue. 9 According to Asante-Appiah and Kennedy, 10 PTP1B regulates the response to IR activation by dephosphorylation of IR substrate-1 and other molecules phosphorylated on tyrosine in response to insulin-mediated signaling. Yet, up to now, the exact mechanism of PTP1B in the regulation of the insulin signaling pathway has not been fully established, particularly not in adipose tissue. Nevertheless, PTP1B and its interaction partners might become important new targets for pharmaceutical intervention in insulin-resistant states of diabetes.
Protein tyrosine phosphatase-interacting protein 51 (PTPIP51), a protein with tissue-specific expression, takes part in the regulation of proliferation, differentiation, apoptosis and cell motility.
11 PTPIP51 interacts with PTP1B 11, 12 and with several molecules that are located upstream of the mitogen-activated protein kinase pathway, for example, 14-3-3b, a protein that is able to activate the mitogenactivated protein kinase pathway through direct interaction with raf-1. 13 The mitogen-activated protein kinase pathway is crucial for growth and differentiation of adipocytes. 14, 15 We analyzed the expression profile of PTPIP51 in mice fed a standard diet and in mice fed a high-fat diet that induces insulin resistance. 16 As insulin resistance is influenced by physical activity, 17 a third group of animals fed a high-fat diet was submitted to an endurance training protocol. The expression pattern of PTP1B and 14-3-3b, and the analysis of their interaction with PTPIP51, were included in the study. Our experiments revealed a partial association of PTPIP51 with proteins involved in signaling processes in adipocytes from animals under physiological and pathological conditions.
Materials and methods

Study design
The experiments were performed with Bl6 mice (n ¼ 20). The experiments were approved by the local Animal Care and Use Committee (Gi 20/24 Nr 94 2010).
The animals were kept under standard conditions (12-h light/dark cycle) and fed ad libitum with free access to water. The experiments were run for 10 weeks.
Control group (n ¼ 8).
The animals were fed a standard diet (Altromin standard-diet no. 1324, Altromin, Lage, Germany). For nutrient composition, see Table 1 .
High-fat diet group (n ¼ 6). The animals were fed a specially assembled high-fat diet containing 45% fat. For nutrient composition of the high-fat diet, see Table 1 .
High-fat diet and training group (n ¼ 6). The animals were fed a high-fat diet and submitted to endurance training on a treadmill for 35 min five times a week. The animals were accustomed to the treadmill 1 week before the beginning of the training. The performance of the animals was controlled by measuring VO2 max using a spirometer (Arnfinn Sira, Trondheim, Norway). Running velocity was adapted to 80% of VO2 max.
The insulin resistance was estimated by a glucose tolerance test at the end of the experimental period. The test was performed by an intraperitoneal injection of 2g kg À1 body weight of 20% D-Glucose dissolved in sterile 0.9% NaCl solution. Fasting blood glucose levels were determined after 15, 45 and 90 min following application. 18 After 10 weeks, the animals were killed and the abdominal adipose tissue was frozen in liquid nitrogen pre-cooled isopentan and transferred to À80 1C till further analysis.
Quantitative real-time PCR The amplification of cDNA was carried out in 25 ml reaction volume on the iCycler iQ Real-Time PCR Detection System (Bio-Rad, Munich, Germany). The final reaction tubes contained 100 nM of PTPIP51, PTP1B, 14-3-3b and reference gene b-actin primer, 12.5 ml iQ SYBR Green Supermix (Bio-Rad) and 2 ml of DNA template. The PCR conditions were 94 1C for 3 min followed by 40 cycles for 30 s, 60 1C for 30 s and 72 1C for 1 min. Melting curves were generated for all genes after amplification. Negative controls were included in each run. Pairs of chemically synthesized oligonucleotides were designed using freely available primer design software (Primer3, http://frodo.wi.mit.edu/primer3/). Mouse-specific mRNA templates were used as input sequence. All primers used in this study are listed in Table 2 . mRNA expression levels of target genes were normalized to the expression of the housekeeping gene b-actin and quantified using the comparative CT method.
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PTPIP51 antibody production
The cDNA sequence encoding amino acids 131-470 was inserted into the BamHI and HindIII sites of the plasmid pQE30 and expressed as His 6 -tagged protein in the protease-deficient E. coli expression strain AD202 (araD139DE(argF-lac)169 ompT1000: kan flhD5301 fruA25 relA1 rps150(strR) rbsR22 deoC1). The protein was purified to electrophoretic homogeneity by chromatography on a nickel-agarose column. Immunization of rabbits was performed with 0.5 mg of the purified protein in 0.5 ml RIBI adjuvant followed by booster injections with 0.5 and 0.3 mg on days 14 and 21, respectively. The antiserum was collected on day 28. Monospecific antibodies were prepared following the method described by Olmsted. 20 Briefly, 2 mg of purified antigen were blotted on nitrocellulose after SDS electrophoresis. The protein band was marked using Ponceau solution and had been cut out. After blocking of the membrane strip with 1% low-fat milk powder in phosphate-buffered saline, the membrane was incubated with the antiserum for 1 h followed by extensive washing with Tris-EDTA-buffered saline. The antibodies were eluted with 0.2 M glycine (pH 2.0) for 2 min followed by immediate neutralization with 1 M triethanolamine.
Immunohistochemistry
The primary polyclonal antibody to PTPIP51 was used in 1:1000 dilutions for immunocytochemistry and visualized by Alexa 555 (Molecular Probes, Darmstadt, Germany, cat. no. A21428). Primary monoclonal mouse and goat PTPIP51 in adipose tissue M Bobrich et al antibodies were used for double staining experiments with 14-3-3b and PTP1B. The reaction of the primary monoclonal mouse antibody was visualized using fluorescein isothiocyanate-donkey-anti-mouse-F(ab)2 secondary antibody (Dianova, Hamburg, Germany, cat. no. 715-096-150). The primary monoclonal goat antibody was visualized using fluorescein isothiocyanate-mouse-anti-goat-IgG secondary antibody (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, cat. no. G2904). Nuclei were displayed by DAPI (4 0 ,6-diamidino-2-phenylindole) staining. Primary monoclonal mouse antibodies used for double staining experiments were against PTP1B and 14-3-3b (Santa Cruz Biotechnology, Santa Cruz, CA, USA, cat. nos. sc-1718 and sc-25276). The reaction of the primary monoclonal mouse antibody was visualized using Alexa Fluor 488 secondary antibodies (Molecular Probes, Darmstadt, Germany, cat. no. A11001). Nuclei were displayed by DAPI staining.
Five samples of rat adipose tissue and two samples of human visceral adipose tissue were used for immunocytochemistry.
All samples of mouse, human and rat were analyzed and representative samples were documented.
Duolink proximity ligation assay
Interaction of PTPIP51 with either PTP1B or 14-3-3b was detected by the DuoLink proximity ligation assay kit (DPLA; Olink biosciences, Uppsala, Sweden; PLA probe antirabbit minus for the detection of the rabbit PTPIP51 antibody, cat. no. 90602; PLA probe anti-mouse plus for the detection of the mouse anti PTP1B or 14-3-3b antibody, cat. no. 90701; Detection Kit 563, cat. no. 90134). The DPLA secondary antibodies only hybridize when the two different PLA probes (probe anti-rabbit minus and probe anti-mouse plus) have bound to proteins in such proximity that they are closer than 40 nm. After ligation, forming a circular template, and amplification step, the fluorophorecoupled testing probe binds the amplified oligonucleotide strands. Addition of the fluorescently labeled oligonucleotides that hybridize to the rolling circle amplification product leads to a point-shaped signal that is visible in fluorescence microscopy.
Methanol-fixed air-dried samples were incubated with blocking agent for 1 h. After washing in phosphate-buffered saline for 10 min, primary antibodies for PTPIP51 and PTP1B, respectively 14-3-3b were applied to the samples. The antibodies were diluted in the blocking agent in a concentration of 1:500 and 1:100, respectively. Incubation was carried out overnight in a pre-heated humidity chamber. Slides were washed three times in phosphatebuffered saline for 10 min. Duolink PLA probes detecting rabbit or mouse antibodies were diluted in the blocking agent in a concentration of 1:5 and applied to the slides following incubation for 2 h in a pre-heated humidity chamber at 37 1C. Washing three times in phosphatebuffered saline for 10 min removed unbound PLA probes. For hybridization of the two Duolink PLA probes, Duolink hybridization stock was diluted in the ratio 1:5 in highpurity water and slides were incubated in a pre-heated humidity chamber for 15 min at 37 1C. The slides were washed in tris-buffered saline-Tween 20 for 1 min under gentle agitation. The samples were incubated in the ligation solution consisting of Duolink Ligation stock (1:5) and Duolink Ligase (1:40) diluted in high-purity water for 90 min at 37 1C. Detection of the amplified probe was done with the Duolink Detection kit. Duolink Detection stock was diluted in the ratio 1:5 in high-purity water and applied for 1 h at 37 1C. Final washing steps were carried out by saline-sodium citrate buffer and 70% ethanol. 21, 22 Analysis of DPLA results The BlobFinder software from the Centre for Image Analysis Quantification was used for quantification of the detected DPLA signals. 23 Positive reaction dots of the DPLA, indicating the interaction of the analyzed proteins (PTPIP51, PTP1B and 14-3-3b) were counted. Sensitivity and blob threshold were set identically for all probes.
Fluorescence microscopy
The Axioplan 2 fluorescence microscope equipped with Plan-Apochromat objectives (Carl Zeiss, Jena, Germany) was used for photo documentation. For visualization of the secondary antibody, Alexa Fluor 555, an excitation filter with a spectrum of 530-560 nm and an emission filter with a spectrum 572-647 nm were used. Alexa Fluor 488 was visualized by an excitation filter in a range of 460-500 nm and an emission filter in a range of 512-542 nm. 
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Results
In preliminary experiments, PTPIP51 was shown to be expressed in adipose tissue of different species, namely, mouse, rat and humans. Yet, subcellular localization of PTPIP51 differed within the investigated species (Figure 1) . In rat adipocytes, PTPIP51 was concentrated in the perinuclear region and was low in the cytoplasm. In humans and mice, PTPIP51 was distributed within the whole cytoplasm, with higher concentrations in the nuclear region.
Owing to the fact of comparable expression values of PTPIP51 in human and mice adipose tissue, mice were used in this study.
Glucose tolerance test and weight gain After 10 weeks of being fed on high-fat diet or high-fat diet and endurance training protocol, the glucose tolerance was determined. As shown in Table 3 
The high-fat diet-fed animals exhibited a different response to glucose. Mean glucose concentrations were more than doubled at 15 min after glucose load and stayed at higher levels even at 90 min post injection.
High-fat diet-fed and trained animals subjected to the glucose tolerance test displayed glucose values of 180% at 15 min, 158% at 45 min and 132% at 90 min.
Over the experimental period, the weight gain of the animals differed within the three groups. Normal-fed animals had a mean weight gain of 46%, high-fat diet-fed animals gained 132% and the high-fat diet-fed and trained mice gained 128% (Table 4 ). The weight gain was reflected by increased size of adipocytes basing on the elevated caloric intake. Adipocytes from mice on high-fat diet displayed the highest volumes, whereas adipocytes from control animals were smallest (Figure 2 ). PTPIP51 protein and mRNA expression PTPIP51 protein in adipose tissue sections from mice fed on a control diet, a high-fat diet or a high-fat diet accompanied by an endurance treadmill training regimen was identified by a specific polyclonal antibody. Independent of the pre-treatment of the mice, PTPIP51 protein was traceable in adipose tissue of all mice ( Figure 2 ). Adipocytes from high-fat animals displayed a much weaker PTPIP51 reaction when compared with adipocytes from animals fed a standard diet or those fed on a high-fat diet accompanied by a treadmill training (Figure 2 ). In standard diet animals, PTPIP51 was concentrated around the nucleus. The cytoplasm remained widely unstained, except in the direct proximity of plasma membranes. In adipocytes from high-fat diet-fed animals, PTPIP51 was located around the nucleus and the cytoplasm remained unstained. The distribution of PTPIP51 in animals fed on high-fat diet and subjected to endurance training corresponded to the distribution pattern in adipocytes from standard diet animals. Highest values of PTPIP51 mRNA were observed in adipose tissue of high-fat diet-fed animals, whereas high-fat diet-fed and trained animals displayed lower amounts of PTPIP51 mRNA. Normal diet animals displayed lowest PTPIP51 mRNA levels (Figure 4a ).
PTP1B protein and mRNA expression
As seen by immunostaining experiments, PTP1B protein was expressed in animals of all three groups (Figures 3a-c) . The protein was traceable in the whole cytoplasm and co-localized with PTPIP51 mainly in the nuclear region (Figures 3d-f) . No difference in the PTP1B protein amount could be assessed.
Highest values of PTP1B mRNA were seen in adipose tissue of high-fat diet-fed animals, whereas standard-diet-fed animals displayed lower amounts of PTP1B mRNA. High-fat diet-fed and trained animals displayed lowest PTP1B mRNA levels (Figure 4b ).
Interaction of PTPIP51 and PTP1B
To corroborate a possible interaction of PTPIP51 and PTP1B, a DPLA was applied to adipose tissue sections. The interaction of the two proteins was evidenced by the ligation of the PLA minus oligonucleotide identifying PTPIP51 and PLA plus oligonucleotide identifying PTP1B. Ligated rolling circles were amplified by polymerase activity, with In adipocytes of all animals, these hybridized and amplified antibody-linked nucleotide strands were detected, with each dot corresponding to an interaction between PTPIP51 and PTP1B. As shown in Figure 5 , PTPIP51 and PTP1B were directly interacting in adipocytes independent from their pre-treatment. Yet, the interaction was partial and the extent differed strongly between the three groups. The highest grade of interaction was observed in the adipocytes derived from animals on standard diet, with values being 1.7-fold higher compared with the interaction in adipocytes of animals fed with high-fat diet. Animals submitted to treadmill training had an intermediate interaction grade (Figure 5 ).
14-3-3b protein and mRNA expression, and interaction of 14-3-3b with PTPIP51 Immunostaining of 14-3-3b protein in adipocytes displayed its expression in animals of all three experimental groups. 14-3-3b was located within the cytoplasm and co-localized to PTPIP51, especially in the nuclear area ( Figure 6) .
Highest values of 14-3-3b mRNA were seen in adipose tissue of high-fat diet-fed and trained animals, whereas animals fed on a standard diet or a high-fat diet displayed low amounts of 14-3-3b mRNA (Figure 4c ).
Interaction of PTPIP51 and 14-3-3b
To probe a possible interaction of PTPIP51 and 14-3-3b, the DPLA was applied. PTPIP51 and 14-3-3b were partially interacting in all investigated samples, as evidenced by a positive DPLA signal (fluorescence dots). The extent of interaction differed according to the pre-treatment. Highest interaction grade was observed in adipocytes derived from animals submitted to a high-fat diet feeding accompanied by endurance training. The lowest interaction grade was found in adipocytes from high-fat diet-fed animals ( Figure 7 ).
Discussion
PTPIP51 protein is expressed in adipose tissue of human, rat and mouse. On the basis of our results, we conclude that PTPIP51 expression in mice adipose tissue is correlated to the grade of insulin resistance. Fast recovery of blood glucose after glucose load was associated with high PTPIP51 protein levels, as seen in control animals and to a somewhat lower degree in high-fat diet-fed, trained animals. In high-fat dietfed animals, the recovery of blood glucose concentrations was extensively slowed down.
High-fat diet-fed animals displayed hypertrophic adipocytes, as seen in our experiments and reported before. 24 As suggested by Kadowaki et al., 25 hypertrophic adipocytes are likely to develop insulin resistance. Insulin resistance is associated with a reduced tyrosine phosphorylation of the IR.
26 PTP1B is one of the crucial phosphatases responsible for the dephosphorylation of the IR. In our study, PTP1B mRNA was expressed in high levels in adipocytes from high-fat diet-fed animals, whereas high-fat diet-fed and trained mice displayed lowest levels. Differing from the observed RNA levels, PTP1B protein levels were the same in the three experimental groups. Similar results could be found for PTPIP51 mRNA and protein. The mRNA was highest in high-fat diet-fed animals and low in normal dietfed animals and in animals fed on high-fat diet and subjected to training. The protein levels of PTPIP51 were high in normal diet-fed animals and animals fed on high-fat diet and PTPIP51 in adipose tissue M Bobrich et al subjected to training, but low in high-fat diet-fed animals. These differences in expression levels and protein could be due to different posttranslational modification or stabilization of the mRNA.
Our experiments revealed a co-localization of PTPIP51 with PTP1B. Previous experiments confirmed an interaction of PTPIP51 with PTP1B both in vitro and in vivo. 11 We were also able to verify this interaction in mouse adipocytes by PTPIP51 in adipose tissue M Bobrich et al the DPLA. Interestingly, this interaction was correlated to the feeding and training status of the mice. High interaction was seen in normal-fed animals and was strongly reduced in high-fat diet-fed animals. Despite their reduced concentration of PTPIP51, interaction values seen for high-fat diet-fed mice submitted to endurance training corresponded to those observed in control animals. In various tissues, namely, muscle and liver, PTP1B affects insulin signaling by dephosphorylation of the IR. 7, 8, 26 The role of PTP1B in adipose tissue is less well studied. Overexpression of PTP1B in adipocytes is associated with a decrease in IR-and IR substrate-1-phosphorylation, although the effect of insulin remains evident. 27 Lack of PTP1B in adipocytes leads to increased tyrosine phosphorylation of the IR and, thus, to an increase in IR activity. 28, 29 14-3-3b mediates insulin action in adipocytes 30, 31 by modifying the Ras/Raf/MEK/ERK pathway, which is important in adipocyte remodeling and differentiation. 15 Erk-1 activation is observed in insulin signaling in high-fat diet-fed animals. 13 PTPIP51 can affect Raf1 activity and, in consequence, regulate the Ras/Raf/MEK/ERK pathway by its interaction with 14-3-3b. 32 Two conserved protein domains are crucial for the interaction of PTPIP51 and 14-3-3b, namely, conserved region 1 (CR1)-spanning amino acids 43-48 and CR2 spanning amino acids 146-154, 32 leading to the observed hypertrophy of the adipocytes. 14-3-3b mediates effects of the insulin signaling cascade. 13, 30, 31 Thus, PTPIP51 is able to act as a downstream regulator of the insulin signaling pathway via 14-3-3b.
We observed a strong interaction of PTPIP51 and 14-3-3b in trained high-fat diet-fed animals, suggesting the reversion of insulin resistance observed in animals on high-fat diet by the endurance training. In addition to that, 14-3-3b mRNA levels were very high in animals fed on high-fat diet and subjected to training, whereas normal-diet-fed and high-fat diet-fed animals displayed low 14-3-3b mRNA expression.
The energy status of adipocytes is regulated by PKA. 33 Adrenalin-induced lipolysis works by activation of the PKA signaling cascade. 34 Glucose uptake leads to the activation of the IR and to the reduction of PKA activity, and in consequence to reduced PKA downstream signaling. 35 The GPS 2.1 database identified PTPIP51 as a potential interaction partner of PKA, 36 and PTPIP51 is phosphorylated at its serine 212 residue by PKA in vitro. 11 This phosphorylation site is located in proximity of CR2 of PTPIP51. Phosphoserine/threonine-containing motifs in interaction partners of 14-3-3b can influence the binding of the partners. 35 Taking these facts into account, we hypothesize that PTPIP51 is a shifter between the lipolysis-inducing PKA signaling pathway and the lipolysis-inhibiting insulin signaling pathway. Phosphorylation at the serine 212 residue might trigger the binding of PTPIP51 to 14-3-3b. 
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